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ARTICLE
Reactive spark plasma sintering of Cs-exchanged chabazite: characterisation
and durability assessment for Fukushima Daiichi NPP clean-up
Liam. C. Harnett , Laura. J. Gardner , Shi-Kuan Sun , Colleen Mann and Neil. C. Hyatt
Immobilisation Science Laboratory, Department of Materials Science and Engineering, University of Sheﬃeld, Sheﬃeld, UK
ABSTRACT
Ion-speciﬁc media (ISM) have played an integral role in the clean-up and remediation eﬀorts
at the Fukushima Dai-ichi disaster site, through the processing of contaminated wastewaters.
The use of these materials generates a secondary nuclear waste stream, presenting its own
series of engineering problems arising from stringent handling and long-term storage
requirements. A reactive spark plasma sintering (SPS) method was investigated for condition-
ing of the spent cesium exchanged zeolite, chabazite. A natural form of the zeolite was used
as an analogue to the engineered ISM used at the Fukushima NPP site. Simulant wasteforms
were sintered using diﬀerent temperature and pressure parameters followed by analysis of
phase assemblage, density, and durability (using the product consistency test (PCT)). The
results indicated that zeolite structure had collapsed completely, with the exchanged cesium
partitioned primarily into a durable feldspar to assure stability of the sintered material for
passively safe storage or geological disposal.
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1. Introduction
The March 2011 earthquake and tsunami led to
a series of serious coolant loss incidents at the
Fukushima Daiichi nuclear power plant (NPP) [1].
Three reactor units experienced partial core melt-
downs, but reactor water levels were eventually stabi-
lised by the pumping of sea water and fresh water,
achieving cold shutdown conditions. Cesium-137 is
a high yield ﬁssion product (t ½ = 31.17 yr) and,
consequently, it is present at high concentrations in
the NPP wastewater. Due to the radiotoxicity of Cs-
137 and other radionuclides present in these eﬄuents,
treatment is necessary before the used cooling water
can be reused or released.
One method of eﬄuent treatment is the use of ion
exchange materials, such as zeolites. These microporous
aluminosilicates are available commercially as mineral or
synthetic materials, ﬁnding common usage in ion
exchange as adsorbents. The individually unique struc-
tures of these media result in both high selectivity and
speciﬁcity for ion exchange. To facilitate Cs removal
from the contaminated coolant water, one of the main
eﬄuent treatment facilities installed on the Fukushima
Daiichi NPP site is the KURION ion exchange plant,
using engineered Na-chabazite as an exchange medium
[2]. The high porosity of this material, based on a ~3.8 Å
diameter “8-ring” framework structure, provides a large
surface area for exchange with high selectivity for Cs
[3,4]. As of October 2018, this facility has treated
a cumulative Cs-contaminated water volume of
391,870 m3, producing 771 large exchange columns of
spent material [5]. Conditioning of the large volumes of
spent zeolite waste is one of the more demanding
unsolved engineering issues as part of the clean-up eﬀort,
with strict acceptance criteria and constraints [6] that
must be followed: limited space at potential disposal
sites necessitates a high reduction in volume of waste-
forms, minimal leaching, and corrosion of containment
and long-term chemical stability. Vitriﬁcation using bor-
osilicate glasses has been considered but volatilisation of
cesium at high processing temperatures (up to 1300°C)
poses a potential challenge [7]. Encapsulation of ion
exchange materials using standard cementitious compo-
sitions has been studied [8–10,11], though systems such
as ordinary Portland cement (OPC) may necessitate
particle size reduction of zeolites, and degradation of
the ion exchange framework, as a result of the internal
pH, releases the incorporated radiocesium.. Cement
encapsulation is also expected to result in arelative
volume increase for the ﬁnal wasteform.
Spark plasma sintering (SPS) is a relatively novel
sintering technique that operates on the principle of
a Joule heating eﬀect via a very high applied current
coupled with uniaxial pressure, which facilitates mass-
transport and grain growth. Rapid heating rates and the
application of pressure allow near-theoretical densities to
be achieved in the ﬁnal pellet product using relatively low
temperatures [12], with the potential for high wasteform
volume reduction. This work demonstrates the viability
of spark plasma sintering as a method for the thermal
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treatment of spent chabazite ion exchange materials and
evaluates the wasteform chemical durability using the
ASTM Product Consistency Test (PCT-B).
2. Experimental methods
2.1 Material synthesis
The chabazite used in this study was a natural source,
supplied from Verdi S.p.A as “Zeover.” The reported
manufacturer data were as follows: the particle size
range of 0.1–0.7 mm, a cation exchange capacity (CEC)
of 2.2 ± 0.2 meq/g, and a reported composition of (Na0.14
K1.03Ca1.00Mg0.17)[Al3.46Si8.53O24]∙9.7H2O [13]. This
constituted a mineral composition of 70 ± 2 wt.% cha-
bazite with minor constituents at: 18 ± 5 wt.% obsidian
glass, 5 ± 2 wt.% potassium feldspars, 3 ± 1 wt.% pyrox-
enes, 2 ± 1 wt.% biotite, and 2 ± 1 wt.% phillipsite [10].
Chabazite was exchanged in a 0.1 M CsNO3 (Arcos
Organics, 99% purity) solution using UHQ water
(18.2 MΩ). The chabazite was agitated on a roller mill
for 24 h at room temperature. The exchanged material
was rinsed twice with 1 L of distilled H2O, ﬁltered, and
dried at 95°C for 24 h.
The Cs-chabazite was calcined in air at 300°C for 12 h
to remove remnant water. 3 g of the dried Cs-chabazite
was pressed into a 20 mm graphite die and consolidated
using a HP-D 25 SPS system (FCT Systeme GmBH). The
average measured apparent density of green-body
pressed pellets was 1.556 ± 0.041 g/cm3. Samples were
consolidated according to the method used by Sun et al.
[14], at 1000°C or 1100°C at 50°C/min under an argon
atmosphere with a dwell time of 10min, under a uniaxial
pressure of 15MPa or 50MPa. Sintered samples were
allowed to cool naturally to ambient temperature.
Residual graphite foil was removed by manual grinding
using SiC paper. The total processing time per sample,
including die loading, was 60 min.
2.2 Characterisation
The phase assemblage of the as-received, exchanged, and
SPS samples was determined by powder X-ray diﬀraction
(XRD) on a Bruker D2 PHASER diﬀractometer with
a LynxEye detector utilising Cu Kα (λ = 1.5418 Å) radia-
tion, a Ni foil was used to ﬁlter the Kβ radiation.
Diﬀraction patterns were collected between 5° < 2θ <
50° with a step size of 0.02° 2θ and dwell time of 1 s per
step. X-rayﬂuorescence (XRF) analysis was used to quan-
tify the bulk oxide constituents of the as-received, Cs-
exchanged, and SPS samples. XRF beads were prepared
using a lithium tetraborate ﬂux (Sigma Aldrich, 99.995%
purity) at a 1:10 sample-to-ﬂux ratio and analysed using
a PANalytical Zetium spectrometer under vacuum with
a Rh tube operating at 50 kV and 30 mA (Table 1).
Microstructures were observed using a Hitachi TM3030
scanning electron microscope (SEM) coupled with
a Bruker Quantax 70 energy dispersive X-ray spectro-
scopy system (EDX) at a working distance of
7.4 ± 0.1 mm using a silicon drift detector. Samples
were resin mounted, polished to a 1 µm ﬁnish, and
carbon coated. The approximate stoichiometry was
determined on the average composition of 10 EDX data
points per microstructural feature. Semi-quantitative
phase analysis assumed oxygen stoichiometry required
for charge neutrality. Density measurements were con-
ducted using a Micrometrics AccuPyc II 1340 gas pycn-
ometer with a 1 cm3 sample cell (chabazite samples) and
a 0.1 cm3 cell for the SPS powder for proof of concept
studies. The density of the SPS fragments was determined
using a Mettler Toledo Archimedes balance (Table 2).
The chemical durability assessment (sample SPS-2
only) was performed in duplicate using the Product
Consistency Test (PCT-B, ASTM methodology C1285-
14 [15]). Powdered samples (75–150 µm) were prepared
and washed using IPA. Tests were carried out at 90°C in
a 15 mL PTFE vessel with 9 mL of leachate (UHQ water,
18.2 MΩ) to give a surface area-to-volume ratio of
1200 m−1, based on geometrical assumptions. Sacriﬁcial
samples were taken at time points: 1, 3, 7, 14, 21, and
28 days, aliquots were passed through a 0.2 µm ﬁlter, pH
measured using aMettler Toledo pHmeter, and acidiﬁed
with nitric acid (Ultrapure NORMATOM 67–69%,
VWR). The leachates were analysed using inductively
coupled plasma-optical emission spectroscopy (ICP-
OES) (Thermo Fisher iCAPDuo 6300) and ion chroma-
tography (IC) (Thermo Scientiﬁc ICS-1100) using the
cation column for cesium analysis.
3. Results and discussion
3.1 Exchanged material characterisation
The phase assemblages of the as-received and Cs-
exchanged materials were determined by powder XRD
(Figure 1). The observed major phases present were
Table 1. Results for compositional analysis by X-ray ﬂuores-
cence, including calculated values for approximate water loss
on ignition and standard deviations for all averaged data.
Compound
As-Received
Average (wt.%)
Cs-Exchanged
Average (wt.%)
SPS-2
Average (wt.%)
SiO2 52.10 ± 0.23 50.82 ± 0.02 55.55 ± 0.21
Al2O3 18.90 ± 0.03 18.40 ± 0.08 20.45 ± 0.07
K2O 6.87 ± 0.05 6.60 ± 0.05 7.44 ± 0.03
CaO 6.13 ± 0.01 5.30 ± 0.09 5.46 ± 0.02
Fe2O3 5.48 ± 0.02 4.73 ± 0.02 4.28 ± 0.04
MgO 1.98 ± 0.01 1.86 ± 0.02 1.77 ± 0.03
Cs2O * 1.96 ± 0.02 2.09 ± 0.20
Na2O 1.14 ± 0.02 0.73 ± 0.02 0.85 ± 0.03
TiO2 0.69 ± 0.01 0.62 ± 0.01 0.60 ± 0.01
I 0.44 ± 0.01 0.45 ± 0.01 0.33 ± 0.10
SrO 0.23 ± 0.01 0.20 ± 0.01 0.25 ± 0.05
H2O ** 5.30 ± 0.22 7.76 ± 0.24 *
Total 99.25†† 99.45†† 99.07††
*Below the detection limit
** Determined by mass loss of structural water upon ignition
†† Less than 100% of the composition is reported as the trace components
were discounted.
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chabazite, Ca2[Al4Si8O24]∙12H2O (JCPDS-ICDD,
Powder Diﬀraction File, PDF #34–0137), the K-feldspars
K[AlSi3O8]: sanidine (PDF #71–0992) with microcline
(PDF #83–1604), and pyroxene, Fe0.07Na0.16Ca0.84Mg0.94
[Si2O6] (PDF #86–0005). Several less intense reﬂections
were found to correspond to biotite, KMg3[AlSi3O10]
(PDF #73–1661), phillipsite, Na2[Al2SiO6]∙12H2O (PDF
#12–0195), quartz, [SiO2] (PDF #81–1665), and
anorthite, Ca[Al2Si2O8] (PDF #89–1461). There were
only very slight diﬀerences between the two diﬀraction
patterns, post Cs-exchange, such as the relative intensi-
ties of the low angle reﬂections for phillipsite, biotite, and
chabazite (2θ < 20°), due to Cs ion exchange and pre-
ferred orientation eﬀects associated with the biotite mica
(where preferred orientation refers to the crystallo-
graphic phenomenon of some crystallites having
a tendency to pack in favour of a particular direction,
inﬂuencing the diﬀraction pattern).
Elemental compositions of the as-received and Cs-
exchanged materials were determined using XRF spec-
troscopy. Table 1 shows the compositions of the pre-
and post-exchange samples, by relative average
weight percent of oxide components. The water losses,
as calculated by the sample mass lost on ignition, had
the largest degree of variability, likely resulting from
residual water from the exchange process. The large
size of the Cs+ cation means that there is a preferential
exchange to the sites of wide ~7Å aperture “8-ring”
structure within the chabazite framework [3,4]. XRD
and XRF analysis conﬁrm that the bulk mineral and
chemical composition is consistent with reference to the
manufacturer data sheet.
A BSE micrograph and EDX maps of the Cs-
exchanged sample provided a survey of individual
particle morphologies and compositions. In Figure
2, a particle with high porosity and grain sizes ran-
ging between 200 and 300 µm was characteristic of
a chabazite, and semi-quantitative analysis of a region
yielded a composition of Cs0.5Ca0.9K1.2[Al4Si8
O24]∙12H2O, demonstrating the exchange and cation
variation on the primary Ca-chabazite (C) phase
detected by XRD. This corresponds to a Cs loading
of 7.2 ± 3.1 wt.% for individual chabazite particles,
this is comparable to the Cs-exchange achieved by Du
et al. for pure chabazite – 6.4 wt.% [16]. A series of
angular, low porosity particles were also found, cor-
responding to K-feldspar (K) K0.8[AlSi3O8], pyroxene
(X) Fe0.2Al0.2Mg0.8Ca1.1[Si2O6], and a silica/quartz
(Q) SiO2. In addition, spherical particles associated
with the 18 wt. % ± 5% obsidian glass present within
the chabazite source material [13] were observed in
the analysis of microstructure, although not apparent
in Figure 2 (see Supporting Info 3).
The density of the as-received chabazite
(2.4411 ± 0.0015 g/cm3) was observed to increase after
Cs-exchange to 2.4679 ± 0.0017 g/cm3 (Table 2). This
increase is associated with the incorporation of Cs within
the chabazite structure, displacing the cation occupancy
at the sodium or potassium sites, and increasing the
cation atomic mass by ~3–5 fold.
3.2 Characterisation of reactive spark plasma
sintered material
Phase assemblages for each of the SPS pellets (SPS-1–3)
were determined by powder XRD. The reﬂections asso-
ciated with chabazite were entirely absent from the dif-
fraction patterns (Figure 3). This demonstrated that
a complete collapse of the zeolite structure was achieved
using SPS as a thermal treatment method for ion
exchange materials, forming known mineral crystalline
phases. Themajor phases present in all SPS samples were
K-feldspars, K[AlSi3O8] in the form of sanidine (PDF
#83–1657), orthoclase (PDF #83–1253), and microcline
(PDF #83–1604), with minor reﬂections corresponding
to anorthite, Ca[Al2Si2O8] (PDF #12–0301) and pyrox-
ene, Fe0.07Na0.16Ca0.84Mg0.94[Si2O6] (PDF #86–0005).
Although the SPS-1 (1000°C, 10 min, 15 MPa) and
SPS-2 (1000°C, 10 min, 50 MPa) samples had con-
sistent phase assemblages based on the minerals
Table 2. The density and phase assemblage reference matrix for all samples in this study.
XRD Phases*
Sample
Processing
Conditions Major Minor
Main Cs bearing Phase
(EDX Formula)
Main Phase
Cs (wt.%)
Average Density
Archimedes (g/cm3)
Average Density Gas
Pycnometry (g/cm3)
As-received – C B, K N, P,
Q, X
Ca1.5K1.0 [Al3Si8
O24]∙12H2O**
- †† 2.4411 ± 0.0015
Cs-exchanged Cs-exchange C B, K, N,
P, Q, X
Cs0.5Ca0.9K1.2[Al4Si8
O24]∙12H2O**
7.2 ± 3.1 †† 2.4679 ± 0.0017
SPS-1 SPS, 1000°C,
10 min, 15MPa
K B, L, N,
Q, X
Cs0.7Ca0.5K1.1[Al3Si8O22] 11.0 ± 2.8 2.658 ± 0.004 2.6657 ± 0.0038
SPS-2 SPS, 1000°C,
10 min, 50MPa
K B, L, N,
Q, X
Cs0.9Ca0.5K1.1[Al3Si8O22] 13.7 ± 4.2 2.658 ± 0.003 2.7314 ± 0.0017
SPS-3 SPS, 1100°C,
10 min, 15MPa
K L, Q, X Cs0.5Ca0.3K1.6[Al3Si8O24] 8.4 ± 3.3 2.588 ± 0.003 2.6050 ± 0.0059
* Where: B = biotite KMg3[AlSi3O10], C = chabazite Ca2[Al4Si8O24]∙12H2O, K = K-feldspars K[AlSi3O8], L = leucite K[FeSi2O6], N = anorthite Ca[Al2Si2O8],
P = phillipsite Na2[Al2SiO6]∙H2O, Q = quartz [SiO2], and X = pyroxene Fe0.07Na0.16Ca0.84Mg0.94[Si2O6]
** Assuming complete hydration to 12H2O
†† Not measured as there was only granular sample
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present, there were, however, subtle diﬀerences in the
relative intensities observed. For example, the reﬂec-
tion at 2θ ≈ 27.7°, corresponding to sanidine feldspar
(K), was observed with a signiﬁcantly higher relative
intensity in the SPS-1 sample, compared to that of the
SPS-2. Conversely, the peak at 2θ ≈ 29.3° assigned to
anorthite and pyroxene phases (N/X) had
a signiﬁcantly lower relative intensity in SPS-1.
Figure 1. XRD patterns for the (a) as-received and (b) Cs-exchanged samples.
Figure 2. SEM/EDX micrographs of the Cs-exchanged chabazite, where labelled phases correspond to (C) chabazite, (K)
potassium feldspar, (Q) quartz, (R) resin, and (X) pyroxene.
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Compared to SPS-1, the eﬀect of an increased pro-
cessing temperature (SPS-3, 1100°C, 10 min, 15 MPa)
resulted in quartz (Q) having the highest relative inten-
sity rather than the K-feldspar. Also observed was the
emergence of diﬀuse scattering between 17.5° < 2θ <
37.5°. These features are consistent with vitriﬁcation
mechanisms and amorphous glass phases formed after
the complete breakdown of aluminosilicate frameworks
[17,18]. Therefore, it is possible to state that for the SPS-
processing conditions investigated, the eﬀect of pres-
sure had little impact on the phase assemblage (only the
proportion), which was juxtaposed to the eﬀect of tem-
perature. The absence of pollucite (CsAlSi2O6) was due
to the molar ratio of alkali:aluminium:silicon in the SPS
composite (approximately 1:2:4.7 – as derived from
Table 1), which is closer to the ideal ratio of the feldspar
observed in the microstructure (1:1:3) than to that of
pollucite (or leucite, the K-counterpart (1: 1: 2)) [19].
The Cs was resultantly taken into the feldspar solid
solution during melt crystallisation. The normalised
Cs2O content of the ion exchanged material immedi-
ately before and after SPS treatment (i.e. accounting for
the loss of water in the calcination pre-treatment step)
was determined by XRF analysis to be 2.14 ± 0.02 and
2.11 ± 0.18 wt.%, respectively. Nomeasurable change in
the Cs2O content was determined, within the precision
of the analysis, and thus the full inventory of Cs2O was
retained. This is likely due to the very short processing
time combined with uniaxial pressure. Further work is
required to demonstrate which SPS-processing tem-
perature for waste management of Cs-ion exchange
materials is optimal, based on microstructure, chemical
stability, and radiation tolerance.
Microstructure and semi-quantitative analysis was
undertaken for the SPS pellets, shown in Figures 4–5.
The SPS-1 microstructure was observed to contain sev-
eral distinct phases, all with very low apparent visible
porosity. A dark, angular particle with a width of 90 µm
had a high calcium intensity with the absence of potas-
sium, EDX quantiﬁcation provided a composition of
Ca0.8[Al1.7Si2O8], corresponding to anorthite (N). In
Figure 4, A magnesium-calcium rich region yielded
a more complex EDX composition of Fe0.2Al0.2Mg0.8
Ca0.9[Si2O6], indicating a diopsidian pyroxene with
incorporation of small amounts of iron and aluminium,
associated with the XRD phase match for pyroxene (X).
The bulk matrix phase encapsulating the crystal
grains within the sample was reviewed, with EDX
maps over two regions showing evenly distributed
intensities for potassium and calcium as well as a high
detection of aluminosilicate constituents. A bright glob-
ular 5–10 µm precipitate phase was abundant in the
matrix and appeared to have a high Cs content. This
matrix-precipitate complex appeared to have an
Figure 3. XRD patterns for powdered SPS samples: (a) 1000°C, 10 min, 15 MPa, (b) 1000°C, 10 min, 50 MPa, and (c) 1100°C, 10
min, 15 MPa.
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intermediate potassium and plagioclase feldspar com-
position of Cs0.7Ca0.5K1.1[Al3Si8O22], equating to a Cs
waste-loading of 11.0 ± 2.8 wt.%. A breakdown of the
cesium containing zeolite structure appears to have
formed a combined matrix of the lower free energy
alkali feldspars (K type and Cs type) [20] and anorthite,
for which only limited powder diﬀraction reference
data were available. Analysis of SPS-2 (Supporting
Info 4) displays very similar features to the 15 MPa
microstructure: namely a mixed feldspar-plagioclase
composition of Cs0.9Ca0.5K1.1[Al3Si8O22], correspond-
ing to a Cs waste-loading capacity of 13.7 ± 4.2 wt.%.
This indicated that pressure had little eﬀect on the
microstructure and local chemistry of the sintered
wasteform.
In Figure 5, the higher temperature SPS-3 sample
(1100°C) resulted in a noticeably sparser distribution of
distinctive phase regions. The Cs-rich matrix (white
precipitate) demonstrated the lowest cesium loading
of the three SPS wasteforms, with a calculated composi-
tion of Cs0.5Ca0.3K1.6[Al3Si8O24], which corresponds to
a Cs waste-loading capability of 8.4 ± 3.3 wt.%. This
could be indicative of a greater abundance of this phase
or Cs incorporation into other phases (e.g. the vitreous
phase). The remaining features of SPS-3 corresponding
to a ~100 µm diameter dark, angular anorthite (N)
particle with a formula Ca0.8[Al1.7Si2O8] continue to
remain out of the solid solution. The elongated particle
with apparent delamination can be observed reacting
with the matrix phase, where the bulk particle had an
EDX quantiﬁed chemistry of K0.8[AlSi3O8],
a K-feldspar (K), and that of the reaction-rim was
Ca0.2K0.5[AlSi3O8], a combination of plagioclase and
K-feldspar (K + N).
Density balance measurements, Table 2, indicated
that lower temperature sintering conditions (1000°C)
gave the best density values, 2.658 ± 0.004 g/cm3 for
SPS-1 and 2.658 ± 0.003 g/cm3 for SPS-2. The poorest
density balance results were those of the SPS-3 sam-
ple, with an average of 2.588 ± 0.003 g/cm3. The
results for gas pycnometry of SPS samples were in
agreement with the Archimedes balance data, show-
ing that the optimum density was achieved with the
lower sintering temperature of 1000°C and higher
Figure 4. SEM/EDX micrographs of SPS-1 (1000°C, 10 min, 15 MPa), where labelled phases correspond to (N) anorthite, (X)
pyroxene, and (Cs-K) cesium–potassium feldspars dispersed in anorthitic matrices.
6 L. C. HARNETT ET AL.
pressure of 50 MPa, with 2.7314 ± 0.0017 g/cm3. This
corresponded to a 10.7% increase from the Cs-
exchanged source material. The ground material
from the SPS-3 pellet achieved poorer densities com-
pared to the low temperature counterparts, which
may have been due to a microstructural bloating
eﬀect resulting from the evolution of water [21].
Considering the measured average apparent density
(see material synthesis) and the gas pycnometry
results, the wasteform volume reductions achieved
for SPS-1, 2 and 3 were 41.6 ± 1.0%, 43.0 ± 1.0%
and 40.3 ± 1.0%, respectively. With the highest den-
sity and volume reduction, the SPS-2 material was
selected as an optimal candidate for a 28-day chemi-
cal durability study.
3.3 Durability study of reactive spark plasma
sintered material
The short-term chemical durability of Cs-chabazite
processed as SPS-2 (1000°C/50 MPa) was performed
using ASTM PCT-B methodology [15]. Figure 6
describes the normalised mass loss of elements as
detected by ICP-OES (IC for Cs, standard deviations
were obtained from duplicate samples). The average pH
(day 0–28, 7 time points) during testing was observed to
be pH 10.64 ± 0.24, and this low standard deviation
indicated that the sample naturally buﬀered during
experiment initialisation. In Figure 6, there was a high
initial elemental release rate observed between day 0
and day 1, especially prominent for Si, Al, and Cs. This
behaviour is associated with the rapid dissolution of
residual ﬁnes within the sample, even though due care
was taken to remove ﬁnes during sample preparation by
washing with IPA until clear.
In Figure 6, the Si concentration (present at SiO2
55.6 wt.%, Table 1) was observed to increase commensu-
rate with experiment duration, indicative of accelerated
dissolution for the SPS-2 sample. The normalised release
rate for Si was calculated as 1.13 ± 0.12 × 10−3 g m−2
d−1, day 28 was excluded due to signiﬁcant evaporation
of the leaching solution. In comparison, clinoptilolite
simulant converted into NaAlO2 and NaB4O7-based
glasses (via hot isostatic pressing) resulted in Si release
Figure 5. SEM/EDX micrographs of SPS-3 (1100°C, 10 min, 15 MPa), where labelled phases correspond to (K) potassium feldspar,
(N) anorthite, and (Cs-K) cesium–potassium feldspars dispersed in anorthitic matrices.
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rates of 4.21 × 10−4 g m−2 d−1 and 6.80 × 10−4 g m−2 d−1,
respectively [22]. Prototype fast reactor (PFR) raﬃnate
immobilised in a barium borosilicate glass achieved a Si
release rate of 7.19 × 10−3 g m−2 d−1 [23]. The durability
of SPS-2 is therefore comparable to proposed thermal
treatment options for two diﬀerent UK ILW waste
streams; however, it should be noted that the cited exam-
ples were performed at a higher SA/V ratio (2000 m−1)
than this study. The Cs-chabazite immobilised in SPS-2
resulted in a multi-phase matrix with Si present in all of
the crystalline phases (K-feldspar, leucite, anorthite, and
pyroxene) and the vitreous phase, which makes it diﬃ-
cult to assign dissolution to a speciﬁc phase within the
sample.
A general trend was observed for the dissolution
behaviour of Al, Ca, Cs, and K (Figure 6), where the
concentrations appeared to remain steady throughout
the duration (within error). This would suggest the
Figure 6. Normalised elemental mass loss of SPS-2 (1000°C, 10 min, 50 MPa) from PCT-B experiments performed at 90°C in
18.2 MΩ water.
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sample underwent congruent/constant dissolution. It
is considered that the elemental loss spikes observed
at day 21 could be associated with the evaporative
loss resulting in artiﬁcially increased concentrations.
XRD performed post-dissolution (Figure 7) revealed
that the relative intensity of K-feldspar reﬂections
signiﬁcantly reduced compared to those for anorthite.
The relative intensity of the biotite reﬂection at ~9°
2θ increased compared to the SPS-2 before dissolu-
tion (Figure 3). As no further thermal treatment
process occurred to this sample, it could be assumed
that the overall degree of crystallinity decreased as
a result of the experiment rather than an increased
presence of biotite.
Analysis of the Cs-chabazite SPS-2 particles post-
dissolution by SEM/EDX (Figure 8) demonstrates that
the dissolution of the material occurs heterogeneously,
with preferential alteration of some phases. Within the
central particle, regions rich in Ca, Al, and Si are
representative of anorthite concurring with the XRD
(Figure 3) for the continued presence of anorthite. The
micro-cracks observed across several particles are
from sample preparation rather than dissolution
eﬀects, shown in Figures 4 and 5.
The greyscale diﬀerences in the central particle elu-
cidate the presence of two Cs-bearing K-feldspar
regions with diﬀering behaviour under dissolution con-
ditions. The ﬁrst K-feldspar can be assigned to the light
grey region (surrounding the anorthite grain and left-
hand side particles), where no dissolution eﬀects were
observed. The composition of this region was deter-
mined to be Cs0.3Mg0.4Ca0.6K0.9[Al3.4Si8O22], with
a Cs concentration of 5.8 ± 1.8 wt.%. In contrast, the
development of pitting/visible porosity was observed
within the darker grey region (central particle, bottom
left) suggestive of preferential dissolution. The calcu-
lated composition post-dissolution was Cs0.1Na0.2Mg0.4
Ca0.2Fe0.2K2.0[Al3.3Si8O22], with a Cs concentration of
1.0 ± 0.4 wt.%. Due to the complex nature of a multi-
phase wasteform, future work to observe the retreat rate
of the component phases by vertical scanning interfero-
metry (VSI) and perform micro-analysis techniques to
identify the phases would help to determine the driving
mechanism behind the dissolution behaviour observed
in this study.
4. Conclusions
Microstructural characterisation and phase assemblage
revealed the diverse mineral composition of a natural
chabazite source used as a simulant for spent ion
exchange media arising on the Fukushima NPP site.
A proof of concept study demonstrated the eﬃcacy of
SPS for conditioning of such aluminosilicate zeolite
wastes. Conceptual wasteforms were successfully pro-
duced using diﬀerent SPS conditions, where the collapse
of the porous zeolite framework led to an increase in
absolute density. The highest Cs waste loading (in the
main Cs-bearing phase) was obtained at sintering condi-
tions of 1000°C/50 MPa. The uniaxial application of
pressure and high temperature for 10 min provides
a combination of parameters, which was ideal for ensur-
ing collapse of the chabazite framework with partitioning
of the exchanged Cs into a feldspar phase. The long-term
durability of the SPS-2 sample is challenging to under-
stand due to the heterogeneous nature of the sample and
requires further work to understand the contributions of
the component phases to the overall dissolution beha-
viour. Although use of this technology for waste condi-
tioning is at a stage of relative infancy and Technology
Readiness Level of 2–3, SPS has the potential for high
volume reduction of wastes, providing a signiﬁcant
advantage over cement encapsulation, due to the antici-
pated waste volume increase and potential waste / encap-
sulant reaction. The process is the markedly faster and
less energy intensive than hot isostatic pressing, at com-
parable lab scale. Some limited scalability studies for
ceramic-metal type functionally graded materials were
reported by Gullion et al. and Tokita who demonstrated
capability for homogenous consolidation of disc-shaped
samples with up to 100 mm diameter and 40 mm thick-
ness [24–26]. Clearly, considerable additional research
would be required to translate the conceptual approach
developed here to application at full scale for
Figure 7. XRD pattern for the SPS-2 (1000°C, 10 min, 50 MPa) before and post-dissolution at day 0 and 28.
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conditioning of inorganic ion exchange materials.
Nevertheless, the full retention of the Cs2O inventory in
processing and durability experiments achieved in this
conceptual study provide a compelling case for such
future research. Although the product geometry, in the
form of large sintered discs, might be considered
a limitation, such geometry would oﬀer the potential to
control the thermal characteristics of the waste package
by separating such discs with thermally conductivemate-
rials. Future work should use a more realistic simulant to
allow for more accurate modelling and characterisation,
and the radiation stability of the wasteforms should then
be assessed.
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